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FLIGHT INVI!STIGATIONOF TEE COOLING CHARACTERISTICS

OF A TWO-ROW RADIAL ENGINE INSTALLATION

II - COOLING-AIR PRESSURE RECOVERY AND PRRSSURE DISTRIBUTION

By E. John Hill, Calvin C. Blackman, and James X. Morgan

IwMMARY

Flight tests have been conducted at altitudes of 5000 and
20,000 feet to investigate the cooling-air pressure recoveqy and
distribution for a two-row radial engine enclosed in a low-inlet-
velocity cowling of a twin-engined airplane. The effect of flight -
variables on average recovery and circwnferentlal, radial, and
longitudinal distribution are presented for level flight; also
included 1s a comparison of preseure-drop measurements across the
engine, as indicated by nine different combinations of pressure
tubes.

The results of these tests showed that pressure recovery and
distribution can be greatly affected by changes in flight variables.
Those variables having the greatest effect were cowl-flap angle,
angle of attack of the thrust axis, and the propeller thrust disk-
loading coefficient. The tests further showed that large differences
scmetimes amounting to 100 percent, were obtained in the results
indicated by various methods of measuring pressure drop across the
engine. .-

On the basis of the results, it is observed that am imp&tant
consideration in the design & cowlings and cowl flaps should be
the obtainhg of good distribution of cooling air, as well as minfium
drag for the installation. The fact that these tests showed that the
front recovery decreased with an increase in propeller thrust disk-
loading coefficient provides additional evidence that the recovery is
greatly aff~cted by the combined propeller-nacelle design. Also of
significance is that a large increase In front recovery in these
tests resulted in a similar increase in rear pressure, indicating
that an ’increasein the front recovery of u air-cooled engine is not
always an effective method of increasing the cooling-air flow.

—
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INTRODUCTION

A flight investigation of a two-row radial engine encloeed in
a low-inlet-velcxitycowling was undertaken to determine the cooling
characterlstice of’the installation at altitude. The introductory
report of this investigation (reference 1) was concerned with the
correlation of the engine cooling variables at altitude by the meih-~
described in reference 2 end the adaptability of this correlation for
the determination of the general cooling performance of the engine
installat~on. ●

Tho present report 1s a study of the cooling-air pressure
recovery and distribution within the engine cowling. The distribu-
tion of cooling-air flow is one of the important factors that control
the distribution of temperature among the cylinders of an air-cooled
multicylinder engine, Inasmuch as efficient engino operation postu---
lates a relatively uniform temperate distribution in order to
minim~,zecooling drag and to develop maximum power and fuel economy,
a study of the factors controlling cooling-air distribution is of
consi,d~rableimymknce.

The quantity of cooling air flowing over the individual cylinders
of an air-cooled engine is mainly a function of the pressur~ drop
across the cylinder. This pressure drop is detemnined by the pressure
recovery and distribution at the front and the rear of the engine,
which in turn are dependent upon the cowling design, flight conditions,
and engine conductivity (a nondimensional factor indicative of the
resistance to cooling-air flow through the engine). A large number of
wind-tunnel and flight investigationshave been made involving cooling-
air pressure recovery and aver~e pressure drop but they have been
“associatedmainhy with the problems of optimum cowling design. Little
work has been reported concerning the effect of flight variables on
the distribution al?cooling-air flow.

An investigation was made at the NACAClevelsnd laboratory of
the cooling-air pressure recovery and distribution throughout an
air-cooled en@ne installation md of the effect of important flight
variables on recovery ~d distribution during level unaccelerated
flight. ThO results are, in detail, applicable only to this engine
installation; however, in the discussion an attempt is nundetowards
a general interpretation of the results. A study of uverage cooling-
air prussure recoveries and circmerential, radial, and longitudinal
pressure distribution is included. The variables investigated wore:
(Q) airplane speed, which influences the prassure available for
cooling the engine; (b) cowl-flap angle, which changes the resistance
to air flow through the cowli~ and aiso effects the cowl-exit pr@s-
Suro; (c) angle of attack of the thrust SXis, which influences tho
characteristics of air flow into the cowli~; (d) propeller thrust

——
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disk-loading coefficient, which is a measure of the pressure rise
across the proyeller; and (e} propeller sped, which,affects the
rotation imparted to the air. A comparison of different peazmre-
drop wasurememts across the engine is also included. .-

SYMBOIS AND COEFFICIENTS

The following symbols are used in the analysis of the investi-
gation:

Cs

D

H

N

P

P

Ap

qc

s

T

Tc

v

v/ND

a

P

n

P

speed-power coefficient, +&/~ N’

diameter of propeller

total pressuzw above atmospheric static pressure

proly311errotational epeed

power absorbed by pro~ller

static pressure above atmospheric static pressure

pressure drop across engine
\

free-stream impact pressure

JcD2propeller-disk area, ~

— —

.-...—

thrust, P ~/v

thrust Usk-loading coefficient, T/qcS’ -.

velocity relative to air stream

propeller adwxnce-diameter ratio
—

angle of attack of thrust axis _——

blade angle of propeller at 0.75 radius

propeller efficiency

mass density of free stream -- .—
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AxmRATm AND MEI!KOIE .—

Airplane and engine. - The investigation of cooling-ai~ pressure
recovery and distribution was conducted on the right engine installa-
tion of a twin-engined airplane (fig. 1). A sketch of the cowling
with charge-air and oil-cooler ducts is shown in figure 2. The
cowling is of the short-nose type without entrance diffuser and with
cowl flaps locatad on both sides of the lower portion of *he nacelle.
Very little exit area is provided for the cooling-air flow from the .— .

cowling except through the cowl flaps, which remain partly own even
----—

in the “full-closed” position. The test engine was of the 18-cylinder,
double-row radial, air-cooled type having a gear-driven, sl.ngl:-dmge,
two-speed supercharger. The conventional propeller reduction gear,

—

which had a ratio of 2:1, was replQced with a torquemeter he.v~”tbe
same ratio.

The propeller was four-bladed, l+ feet in diameter, and of the

constant-speed type; it was fitted wit; cuffs and spinner that are
standard for this installation. —

Approximate normal flight conditions for the airylane at a
grOSs weight of 30,000 pounds are given in the following table for
level flight at altitudes of 5000 and 20,000 feet for take-off and
for climb: -.—

4
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Operating Altitude Brake Engine Indicated Angle of Icowl-
condition (ft) kor8e- speed airspeed attack of flap

power (rp?n) (mph) thrust axia poei-
per engine I (deg) tion

!
Low-powerl 5,Oa) 1
cruise 1 20,000

Normal 5,000
cruise 20,000 2 ‘= +-t+* “- “-

Rated 5,000 1500 2400 255 1.5 Closed
power
Climb -------- 1250 24(30 170 ----------- Oar

Take-off
-.

---------- 1850 2600 110 ----------- Open

Instrumentation. - The relative locatian of all preesme tubes
is shown in figure 3. The cooling-air pressure in front of the
engine was measured by shielded total-pressure tubes on rakes (in
front of four cylin.deraonly), total-pressure tubes at the baffle
entrance, and by tubes placed on the head baffle th~t butts against
the sealing ring of the cowling. Pressures behind the engine were
measured by open-end tubes in stagnant regione and by tots.1-pressure ““-”

.——

and closed-end static-pressure tubes downstream fi’~mthe cylinder.
Copper tubing of l/t3-inchdiameter was used for all pressure tubes;
the designation, type, and exact location of the pressure tubes are
given in table I. The cylinder numbering system used in the table
and throughout the report is conventional; the cylinders are numbered
clockwiee when viewed from the rear of en~ine with cylinder 1 bei~
the top rear-row cylinder.

A diagrammatic sketch of the system used for measuring the pree-
sures is shown in figure 4. The pressures were recordedby ?5ACA
30-cell end single-cell recording manometers ~d by a 100-tube
liquid-manometerboard photographed in flight, The 30-co1l mananeter
consists of 30 differential-pressure cells in conjunction with selec-
tor valves and permitted an accurate recording of 254 pressures -
{includingreference pressures) within 35 seconds. The 100-tu’e
liquid-manometerhoard was connected to a two-bank, 100-tube selec-
tor valve enabling the photographing of two consecutive ss$sof
Fessures. Of these 200 pressures, 12 were used to establish th=
reference line for the manometer board. The reference pressure for _
both the 30-cell recording manometer and the 100-tube liq~id manom-
eter was tke boundary-lapr static pressure obtained by a flush

--

orifice in the bottom of the fuselage.

The free-stream static pressure was measured by a calibrated
swivel- static-pressure tube nounted on a boom extending 1 chord

5
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length ahead of the right wing tip and was continuously recorded by
a single-cell nanometer recorder. A continuous record was also
obtained of the difference between the fuselage static-oiaiflce~res-
sure and the free-stream static preesure. ImTact pressure of the
free-air stream was obtained from the record of the shielded total-
pressure tube and the free-stream static-pressure tube on the wing-
tip boom. -. .

The angle of attack of the thrust axis for the level flights
was obtained by measuring the inclination of the t~uet axis with

.--.—

an inclinometer. Cowl-flap angle was obtained with a calibrated
electrical position indicator. The relation between cowl-flap angle

——

and cowl-flap exit area is shown in fi~e 5.
—

Test and analysis procedure. - The analysis of the data wae
accomplished by comparing runs in which all of tineconditions were
maintained approximately constant excegt for the variables being
investigated. The desired conditions could not always be maintained
precisely constant but the pressures were generally little affe@@._
by tke variations that occurred. Various combinations of flight var-
iables were possible by lowering the larding flaps and by extending
the landing gear, thus changing the drag of the airplane. A s~&ry

---

of flight conditio.neas well as computed pro~eller coefficients are
———

given in table II; figure numbers for the curves showing the test
results are also included. The tlnwst disk-loadi~ coefficient of
the propeller Tc was computed from brake horsepower free-stre~
impact pre=~e qc~ ProPel~er-disk area S) and propel~er effi-
ciency q. Information from the Fropelle??Division of the Curtiss
Wright Corporation was ueed to set up the propeller-performance
curves (fig. 6) from which the propeller efficiency was determined. ““

In order to show the degree of stability during the flights,
typical NACA ‘pressure-cellrecords of free-stream im~ct pressure,
the fuselage static-orifice pressure, and pressure al~$tude are
shown in figure 7 for one flight run.

.-
—

RI.SULTSAND DISCUSSION

The discussion of the results is divided into four parts:
(1) average recovery and circumferential distribution; (2) radial
distribution; (3) longitudinal distribution; and (4) cozparisonof
pressure-drop mee,surements. The engine cool.ing~airpressures~e- __
sented
stream
engine

herein are shown
impact pressure.
will be referred

ae a ratio of the measured pressure to free-
This ratio for preseures in front of ths
to as “front recovery.”

6



T

.

Average Recovery snd Circumferential Distribution

Effect of airplane speed. - The effect of changing airplane
speed, as normally accomplished by changing engine power, on aver~e
engine cooling-air pressures (aver-e for nine cylinders of one row)
for various stations in front of and behind each of the cylinder
POWS with cowl flaps closed is shown in figure 8. Increased airplane
speed thus obtained is accompanied by changes in other_flight vari-
ables that are dependent upon the airplane and propelle~-performance

.—

characteristics. The front recovery, which was relatively low as
compared to wind-tunnel tests of cowlings of the sane general t~,
increased with airplane speed; an increase in airspeed from 185 to
255 miles -perhour resulted in an increase in recovery from 0.67 to
0.77. The average rear pressures were affected by increased air-
plane speed approximately the same as were the front recoveries,

..

therefore making the ratio Lp/~ a constant at v~xriedairplane
.—

speed for closed cowl flaps. This trend indicates that the cooling-
air wei~ht flow would increase only slightly for this installation
with an increese in fror.trecovary.

The effect of increased airplane speed on the circumferential
pressure distribution at various locations in the nacelle with cowl
fla~>sclosed is presented in fi~ure 9. !!l!heYront pressures show an
improvement in the pattern with an increase in airplane speed, which ‘-
results from a ler~er increase in the pressures on the top of the
en~ine than at the bottom. The improvement in distribution in front

-—

of tineengine as well as the increase in average pressure recovery
was the combined result of changes in thrust disk-loading coefficient
and angle of attack of the thrust axis, which will be discusssd later.
The distribution downstream of the cylinders was not noticeably
affected by the increase in speed for closed cowl flaps.

—

Effect of cowl-flap exit area. - The front recovery was aiifected
only slightly by increasing the cowl-flap exit area at cruisi~ cor.-
ditions although it tended to decrease in front of the rear row
(fig. lo). The rear pressures showed an average decrease of about
0.15 ~, with the pressures behind the front-row barrels being least

affected. Consequently, the decrease in rear pressure with an
increase in cowl-flap exit area greatly increased the Ap/~ ratio
across the engine. This result indicates that one war to increase in
cooli~-air weight flow is to decrease the flow losses at the rear of
the engine and from the cowl exit without changing the cowl exit area.

The effect of cowl.-flapexit area upon pressure distribution
is shown in figure 11. The front-row bsffle-entrance pressure dfs- - ___
tribution was affected very little by opening the flaps; whereas the ..

rear-row baffle-entrance pressures were slightly decreased on the
..—

outboard side of tineengine (cylinders 3 to 9). The pressures on
.-

7
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4 the inboard sido ware yossibly influoncod _bythe restriction fomed
by the nacelle, wi~, end fuselege. The distribution behind the
engine was appreciably affacted by opening the cowl flaps; the
decrease in pressuzzaswas about 50 percent greater for the bottom
cylinders in tileregio~ of the flaps than for the top cylinders,
The low pressure behind the cylinders in the region of the flaps
to~thor fitk tk relatively hi@ front recovery for the bottom
portion of tke engine results in a larger pressure dzzopacrosa these
cylinders, even whe~ the flaps are in the full-closed position
(45 percent i’ull-openextt area, fig. 5). This difference-in cyl-
irder cooling-alr pressure &oy would result in a temperature d~”-
ference among cylinders for closed cowl flap, crutsi~ oyeration
of’ebout 40° I?,as calculated ky the cooli.ng-correctionequation
established in reference 1; with the cowl fl~pe in full-open _position
a spread of a~proximetely 50° F could be expected dus to cooling-afi
flow distribution. From these calculations it is evident that the
~ergest ~t of tinetem~~rat~e ~fference resulting from coollng-air
flow distribution was cased by entrianceconditions and the circum-
ferential location of the cowl ~laps, together with the feet that
tnere was very little exit area from the cowling exceyt thro@~ the
flaps.

.-

—

. _-
.—

..—

.

--
.-

__—
.-
-—

.—

The effect of opening cowl f-tipsorLcooling-eir pressure
recomry and distribution at a density altitude of 20,000 feet”-”
(figS. 12 sad i~) was similar, ia general, to that at a density
altitude of 5000 feet (figs. 10 and Ill.)except that both the front
and the reazzpressures decreaeed sl.igltlymore at an altitude of —.

20,000 feet when the quantity of cooling-air flow through the engiim
.—.—

was increased. The result= Q/a< ratio for the various cwl-
flap exit areas was, however,

.-
epproximatel~ the same for the two

altitudes.
——— —..

Effect cf ~~e of ~ttacl~of thrust ~-s. . The effect of
increasing tke angle of attack of the thrust axis upon press-ure
recovery and dist~ibution is shown in figures 14 and 1S, respoetively, ‘“
for closed cowl flaps. All ever.agepressures decreased becatieeof
air spilllageover the top of the cowling. The increa.send6jjII~ge

—

greatiy decreased the front press~e aveilable for coo- the top
cylinders. Another contributlmg cau~e of the decreased ~ressures at
the top of +&e cowling was the blmtir~ effect of the spinnetiat

-———

high e~~les of attack of the thrust axis. This decrease in %ke yres- ...

sures in front of the top cylinders may become more importaut at
greater angles of attack such es are encountered in take-off~_~limb,
or hi~h-load conditions; in this event, the temperature distribution
would be appreciably affected. Tke bottom pressures were less .

affected and in some cases were increased with increased angle of
attack owing to impro~ed entranoe conditions at the bottom of the

—— ...

cowl~ng. The rear pressure distribution remained essentially the
.

same.

8 -—
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T% flow characteristics of the cooling atr into the cowling
were vcn?ifieclby 03se~’vingtufts attached in front of the engine
at the entrance and on tke inside of the cowling. The air flow was
noted to be relatively steady in the bottom portion of the cowling

.-

2nd unsteady in the top portion where spi.llegewa~ readily apparent.
An adverse yessure gradient resulting frcm the abrupt break in the
y?ofile of the flow peth at the rear of ths spinner was intkcated

—

by tufts ero.undthe reductior.-gearhousing.

E!?fectof propeller thrust disk-loa~iug coefficient. - TN
effect on cooiing-eir pressures of tinethrust disk-loading coeffic-
ient Tc, which is indicative of the pressure rise acro~s the

propeller, is shown in figurg 16. For opn c~l,,~ f’~ys a de~rea~e
in front .reco~eryof 0.10 resulted when the thrust disk-loading
coefficient was increased 0.39. Tke increa&e in this coefficient
was o“~tainedby Decreasing the impact pressure. It was concluded
in reference 3, tht the pressure avail~ble for cooling (cooling-
air pressure drop, a% used in reference 3) is a direct function of
the t&ust disk-loadi~ coefficient. The increase in pressure drop
with ti~ corresponding increase in disk-loading coefficient (uha.m
in reference 3) was lwgely a result of an -increasein front
recovery, es~eclally for closed cowl flzpa where a change of slip-
etroe.mvelocity has ltttle effect on the cowl-e-titpressure. The
difference between the two sets of results is undoubtedly due to
the differences in the respective installations. In the test
in.stellationused herein, the root section of the propeller wiith
the c-tifsap~ared to be very i.ne?fecti~eand the nseelle-propeller
diarmter ratio was only 0.33. In ether installations where the
prqpller-root sectioa is more effective OP the nacelle-propeller
diamtor ratio larger, an increase in thrust disk-loading coeffi~” ““
cient would increase the pressure in front of the e-ngine. The aver-
age reer Tressures of this in@allaticn were decreaeed approximately
the sam as the front recovery, which resulted in releti.velylittle
change in tiieratio Ap/~ when the front recovery was changed
although the cowl fla~s were full open for thqse flights.

: .—

-.

—

.—..

..—-
—

. —
.—

.

—
. ——

The pressu-e-distribution y=ttern for the c~~inder Fiads was .—

Only slightlY affected by the chm$?Je8i= thrust disk-loading coeffi-
cient; whm?ea8 the top front-row cylinder-3arrel pressures were

-——

decreased more than otl!erbarrel preasms at the low-speed high-
thrust co~dition (fig. 17). This decrease indicates a lez~e adverse
press-aregradient on the top of t}lereduction-gear housing resulting “-

—

in separation from the spinner. The pressure-distribution paiitei~n”
———.—

in front of tha rear-row barrels was un-dfected by the poor flow ‘-
Chal-actc3ristiCSon tOp Of the e~i~. -—.-.——
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Effect of propeller speed. - A variation of the propeller speed
and, consequently, cf the advance-diameter ratio V/ND had no -.
subatantlai effect upon the pressure recovery and distribution._at
cruising power (I”igs.15 and 19), although the reccwery was increased .
slightly at prcpell.erspeeds of 100C to 110!!rpm. Apparently the
variation in blade angle had very little effect upon the pressure
available for cooling in this installation and the r@.atlon of a.Lr
behind the propeller was not stificlently changed to effect the .-

dietributicm within the cowling.
-—- .-.

..—

Canparison m“ beffle-entranca pressures on exhaust and intake
sides Of&vlInders. - The effects of airplane speed, cowl-flap exit.— .—
area, anglffof attack of the thrust axis, and propeller speed on the
difference between the bsffle-entrtincopressures on the intake and

—

exhaust sides or the cylinder huads and barrels are shown in ~ig- —

ure 20. The baffle-entrance preusures on the intake and exhaust
side of the front-row heads and barrels wero very fiaarlyequaI in
all cascs~ indicatinflnc apprGciabla change with operatin@ cond~-
t,1one. The ruer-row h~ad pressures, however, were low on the exhausi
side and the barrel pressures were sllghtly high on the efimmt
side. Cowl-flap ex:t area was the only vsrlable that affected these
pressure differences; the spread between the pressures of the two

—.

sides was increased as the cowl flaps wero opened. ‘lhiseffect was ‘- .-
less noticeable for the barrels whsre the pressure difference was
small.

Rc@ial Ditiributi~n

The distribution patterns presented in the precedi~ section
have lndicat@ that the radial.distribution of total prbssure in
front of ths engin. @ of static pressura at the req?_of the m.gine
var!,edmong cylhders; three front-rcw and three rear-row cylinders
were selected t~jshow this varieticm in the radial distribution at
iltfferentlocations. The Iocationa chosen were the t~p of the —

engine, tilecowl-flap region, and the bottom of the engine.

Representative plots ti the radial yressura distribution at
various airplane.speeds, cowl-flap Gxit areas, and an@.es of attack
of the thrust axis era shmn in figures 21, 22, an~ 23, re8Pecti~@lY. ““
Airplane speed and angle of attac~ had no appreciable effect on the
distribution stther in frcnt of or at the ruar of thtiengine. cowl-

r’hp exit .awu had little effect upon the distribution upstream of
the e~ine although it tended to bee- less unjform for tho bottom
cylinders as the c.~ling-air flow was incroasod b~cause of.tha flow
charactorlstlcs of the faircntcming th6 bott~m of the cowlic& Tho
mad.ient of the static prassum= behind the Cylinbrs was incr~estid““- _
with an increuse in cwl-flap exit ar~ti,p.articularl;~for the --
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front-row cylinders. The difference in pressure gradients in front
of and behind the individual cylinders, however, was greater than
the change in gradient due to varied operating conditions.

The radial-distribution patterns indicate that distinct differ-
ences exist in the radial pressure distribution between the front-
and rear-row cylinders. In this particular installation, the
entrance pressures for the front-row cylinders were highest near
the middle of the cylinder; whereas, for the rear-row cylinders the
pressure was lowest near the middlo with exception of the bottm
cylinders where moro stable flow into tha cowling prevailed. The
pressure distribution behind the engine cylinders was affected
large~v by the circumferential location of the COW1 flaps as indi-
cated by the large pr~ssura gradient in the cowl-flap region.

- ..—

When changes occur in the radial pressure distribution of a
given installation or when like engines are placed in different
nacelles that do not have the same radial distribution, the differ- ‘“
ent engine air-flow conductivitles and consequently the different
mass-flow pressure-drop relations that will result are tiportant
considerateions.

Longitudinal Distribution

The relations between the useful pressure drop across the cyl-
inders and the entrance and exit losses of the cylinders have been
indirectly shown by the patterns of circumferential and radial
pressure distribution. These relations are, however, more conven-
iently shown by plots of longitudinal distribution of pressure —
through the engine. Such curves are presented in figures 24 and 25
for closed and open cowl-flap positions, respectively. The distri- ““““- ..– ._
butl.onat three circumferential locations around the engine and the
average distribution are included. The total pressures ehead of
the cylinders are those measured by tubes at the baffle entrance.
These tubes (cm.all front-row cylinders) were used for the pressures
ahead of the engine and indicatud pressures of approximately the
sems magnitudes as the shielded tubes in front of foui cylinders of
the engine. The use of these tubes prevented determination of the
beffle-entrance losses to the front-row cylinders but these losses
were undoubtedly small. ‘Thepressmes directly behind the cylinders
were measured by total-prossue tubes rather than static-pressure
tubes in order that the exit losses might be evaluated. The rear-
most pressures behind the engine were measured by static-pressure —

tubes tehind the intake pipes where the velocity pressure was SMEL1l;
the differences between this pressure and the front-raw baffle- --.—

entrance pressure IS Considered to be the total pressu”redrop across
-——

the engine installation. .—

11 —
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For closed cowl flaps the longitudinal distribution through
the engine is similar at each of the three circumferential locatior!=
because it is chiefly dependent cm the absolute value of pressure
drop across,any particular re~ion of tileengine (fig. 24). On the . .—”
assumption that the 3affle-entrance losses are .negllgible,the
average pressure hops across the frout-row heads and barrels were
55 and 40 percent of the total pressure drop across the engine,

.-

respectively. The baffle-exit losses made up the remaining portion
of the total. In the rear row, the entrance loss for both the heads
and the barrels was about 20 percent of the total; the droTs across
the heads and barrels were 65 and 50 percent of the total, respec-
tively, and the exit losses were i5 and 3Clprcent, respectively.
From a comyerison of the two rows, it is noted that, regardless of
the rear-row entrance Iossefl,the useful pressure drop acrms the
rear row is roughly 20 percent greater than that across the front_ _
row. This difference in useful pressure drop across the two rows,
if it is essumed to be a reliable indication of distribution of
cooling-air weight flow, would result in the front-row cylinders
running 10° to 30° Y hotter than the rear-row cylinders, deFendent”––
upon operating conditions. For an engine that develops a greater
amount of power in the front row than in the re~ row, as reported
by the Army Air Forces in 1943 (Herno.Rep. Ser. No. 57-503-858),
this cooling-air flow distribution between rows could be of ccnstd-
erable detriment to efficient operation. . .—

The longitudinal distr~btltion ~or o-n cowl f~aps is shown in
figure 25. The distribution between the front and rear row is very
nearly the same as for closed flaps (fig. 24); the difference -—

between the head and barrel presm.uzedrops, however, became slightly
—

larger when the flaps were owned. -.

Comparison of Pressure-Drop Measurements

A large number of different t~es of pressure tube at various
locations ti.vebeen used in test-stand, wind-tuanel, an~fl.ight
tests as an index of cooling-air flow through an air-cooled engine.
The locaticn of many of the pressure tubes was duplimted ir.the
present tests enabling a comparison of pressure-drop measure=nts.
This comparison nay be used to fscilitaie correlation of mrio-us
cooling investigations that heve emplopd different methods ~
measuri~ pressure dro~.

.
The results are ta>ule.tedin table 111 .

by listlng the various pressure-droy recoveries for onen and closed
cowl flaps and.by Show-ingthe .reletionbetween the di~ferent pres-
sure drops by compar~ them with the pressure drcp used in refer-
ence 1 (@l) . The table includes two germral t.y_&eof cooling-air
preesure-drop measurement. Methods 1 to 5 show the differ&ce

12 —.-.— .
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between average entrance ~emwre of frorA-row cylinders aridavei-e.ge
exit pressure of rear-row cylinders; this typ of measurement
includes the losses in the entrance passages to the rear-row cyl-
inders and in tie exit passages from the front-row cylinders.
M&thods 6 to 9 show the difference between the average entrance
~~- e:~t prefle~es of the individual cylinders, thereby excludi~
the entrance- and exit-passage losses. As shown in table 111, a
large difference exists smon~ the mrioua pressure-drop measure-
ments. Across the heads, the largest indicated pressure drop ia ___ “-

.—

almost twice as great as the snmliest one; whereas across the
—

barrels, the difference is larger. The relation beil:aenthe v~i-
ous pressure drops for this installation was little affected by
the cowl-flap position, although opening the cowl flape incr-tia-ee~ “~--
th,evalue of the ~P/a! ratio roughly 60 percent. Tho lar~e dif-
ferences in the valLwa of pressure drop obtained by differe”nt”-
Mthods of measurement and tke effect of differant installations
on engine cooling-air distribution indicates that good coriwl+tion
of the coollng results of like engines in different installation
cannot be expecte~ unless the instrumentation and installati-~
dfffe~nces ~e taken into account.

Because of the difficulty in accurately measwir! ccoli~-air
might flow in a f~@t investigation, a qualitative comparison of
the reliability of t;~evarious pressure-drop meth.odewas impossible,
even though lar~e differences cmong the various measurements were
sho~m. The presmu?e-drcp method used in reference 1 (Apl)” gave

—.—

the best total engine Cool+ingcorrelation; however, this cowison
is depen~ent on the accuracy of the correlation precedure in

.-

accounting i’ovdifferences in cooling variables other tk=n coolizzg- ““-
air weight flow. Consequently, this procedure is not considere~

—

slflficientlyconclusi~.efor m&i,~ a q~litative comparison Of
pressure-drop measurements.

SCC.WY OF RESULTS —.

From the flight investigation of the engine cooling-air Nres-
sure recovery and distribution of a two-row radial engine enclosed
in a low-inlet-velocity cowling, the followi~ results were obtained;.-

1. The average front pressure recovery, which was ~~ativelY
low for thfs engine installation, increased with an increase m
airplam speed duri~ normal level flight. .-

2. The
barrels for

pressure drc.psacross the front-row cylinder heads and
closed cowl flaps were 55 and 40 percent, respectively,

.

X3
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4 of the difference between
the pressure drops acroas
50 ~rcent, respectively.

the pressures front and rear of the
the rear-row heads and berrels were

*

.

3. The static pressures behind the heads were lower then

—
er@ne;
65 and

those
behind Wle barrels;-thi.sdifference increased-when t-he-cowlflaps
were o~ned, es~cially for the front-row cylinders in the cowl-flap “–
region. This change in rsdial distribution with operating condi-

r.-—

tions was smaller than the difference between individual cylinders.
-..-.

..— -.

4. The pressure distribution in front of the engine had little
effect upon the distribution behind the engine; ho%wver, an increase

—

in average front pressue recovery resulted in almost as large ar-
increase in average rear pressure,

5. A c-e in pressure at tilerear of the engine accomplished
by varying the c~~i-fbp area had little effect on the pressuze
recovery and distribution in front of the engirfi.

6. The general pattern of the circumferential distribution
behind the engine was chiefly determined by the circumferential
location of the cowl flaps.

7. An increase in an@e of 8ttaCk of the thrust axis decreased
the front recovery at the top of the engine because of spill~e from
the cowling l>adse+paratiorifrom the epinner; the air flow h-to the
bottom of the cowling remained relatively steady.

8. An increase in propller thrqst disk-loading coefficient
decreased the average front recovery for this installation. .— ..—

9. The speed of the propeller had little effect upon tbe pres-
stu?erecovery and no effect on the distribution at cruising po-tir. --

10. Large differences, sometimes amounti~ to 100 ~mrcemt, were
obtained among the results indicated by various methods of measui~-
pressure drop acroes the engine.

—.-

CONCL-G!XKX2~’lARKS

The results of these tests indicate that an important consider-
ation in the design of cowlings ani cowl flaps should be the obtaini~
of ~ood distribution of cooling air as well as minimum dz-agf~i-the
installation; the results furtlfiershow that the cooli&air flow
distribution ant, consequently, tinetemperature-limited performance
of a given engine installaticinis considerably effected by cowl-
entrance conditions and circumferential location of tb.ecowl f“=ps. -.

1.4
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. The fact that thew teats showed that the front recovery
decreased with an increase in propeller thrust disk-loadj~ coeffi-

--—

cient provides additional evidence that tk.ereccmery is greatly
effected by the combined propeller-nacelle design. Also of aQ@-

...—

ficance is t-hata lerge increase in front recover~ resulted-in a
-..

similar increase in rear pressurej
.--..—_ —.

indicating that &L increase in
the front recovery of an air-cooled engine is.not always an effec-
tive method of inc~easing the cooling-air weight flow.

Aircraft Engir@ Research Laboratory,
National Advisory Committee for Aeronautics,

c~eve~d, ohi~, December 3, 19450 —-—

1. Bell, E. Barton, Morgem, James E., Disher, John H., aiidMercer,
Jack R.: Flight Investigation of the Cooling Characteristic

.-

of a TWO-ROW Radial mine Installation. I - Cooli~ Correi~.-
—.

tion. NACA TN NO. 1092, lS46.
--

2. Pirikel,Benjamin: Heat-Transfer Processes in Air-Cooled Engine
Cylinders. NACA Rep. No. 612, 1S38. .—-.——-

3. Stickle, George W., Naiman, Irven, and Crigler, JohnL.: Pres-
sure Av&ilable for Cool~X with Cowling l?laps. NACA Rep.
No. 720, 1941. --

.

15



, . , ,

%0- Clrc@Or-8ntl~location FAAdlAl100kAOn

IVra
;ube

Relative locatim TyPe Cyllndem Ponltlonralatlva
Axial location

(in.)
rnm Orlindm-
rlulga baa.

[al
to Oylinder (in. )

~ Front of bead an rake @Melded total head 2,6,11,16 Center ot oyllnder 1$ upmam of fmnt.row bA.ffla mtrmce *

‘bl -t of b-l on r* ---dO ------------- ---do ----- ---do ------------- ---do----------------------------------- 4

~~ s66~mmr~.ytym0 .t Total head All Intake tide s/16 dmmtrmx Or bofrle-entmnoe Ou?l
G.

%
---do -------------------- ---da -------------- ---do----- Cantm of 0711ndar ---do -----------------------------------

14

%2.
---do-------------------- ---do --------------

?:::;::$ -’t ‘i&
---do ----------------------------------- ?g

,,

~ei
%%-%%e%%eat

. ..do . . . . . . . . . . . . . . All Intake aide ---do -----------------------------------
6

%.
---do -------------------- ---do --------------

%:;:l;; -Ut “id’
---do -----------------------------------

*

.*O

~ Pr& or 00.1 Mdlng Bmrflc tap 1,7,1s center of orllndm m btifle bUttiSIE A@mt sealing ring 1+

~4- Reu .f Au.d on rti ?otd held All ---dc------------- 7 /8 dumvtrem .r head fh 7;

%4
---de-------------------- Cloaad-ond matla ---d6----- ---do ------------- ---do ---------------------------------- 7

~ Rem d bnrml on rakm Total haad ---do----- ---d9------------- 7,.% dcwmtrestn of bamel fin.
4

‘b4
---& ------------------- Closed-end atatlo do. . . . . . . . . . . . . . . . . . . . . . . . . ..-d O.....-. .-. ;....-.- . . . . . . . . . . . . . . . . .

+

Saind mvl netilng ring Opm-md ntatic
‘h5

---do---- ---dc------------- 1/S behAnd lwd #eallng baffle 12$

Ram Of b#rrel batwnen
‘M

---do -------------- ---do----- ---do ------------- l/16b-hind oyllnder barrel

rImSO m rim
S/a

%7 -
ma= Or W5U~ ---do -------------- Rem row

[hmda )

m b~rrh-axit At bnffle exit
&

owl, intsko 81de

Eemistrmm of mgino ---do -------------- ---do ----- . . . . . . . . . . . . . . . . . . . ..d@.. -.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
*

~’ (bwwlc )

%3
Immtrecm Or mg!na Clolad-md #tatiO 8,11,17 Sehind ahnrg+ sir 8 behind intake pip 14

inth pipe

‘m figiii-0 3 rOr -plmatim Or vObOIS m 8ubs0ript~,
NATIONAL AOV I SORY

COkMITTEE FOR AERONAUTICS



TA2L2II - s~ OF FLI(l~COM)ITIOMSA3D CO~ FRO~~ C02FFIC121ilX!

Airplane aondltlona R@ne cuxlitlone Propell er ooeffl Clents

Ihndty Pressure Impaot Angle of Cowl-flap 3rake Engine Speed- Admnce- Thruat diek-
of free altltude pres.nme

‘?
attaek of ane horee-

Flgureair (ft) (in.Water)thht
epeed power dlaueterloading

deg) power (ml) ooeffl- rntio
(elug/

coefficient
oient v/ND Tc

Cu ft) (deg] c=

8,9$ 0.0020s 3463 16.6 4.6 Cloeed 783 E400 1 .s78 1.066 0.1C4
20,21 .ma 3484 22.0 3 ●3 ---do---- 1012 2322 2.057 1.230 ,W7

.cm?os 3710 28.9 1.’? ---do---- 1267 2400 2.210 1.380

.ccuxll 4924
.072

33.1 1.5 ---do---- 1649 2416 2.301 1.489 ,U72

10,11, O.otxm 317s 22.8 2.7 Cloeed low 24W ‘ 2.LM3 1.240 O*W2

20,22 .002M 3198 21.8 2.6 14.5 1017 2414 2.036 1.210 ,(X39
*O02CK 3188 20.6 3.7 27.0 1019 2420 1.901 1.175 ● 087
.00206 52m 19.7 3.6 Own la?4 2420 1.094 1.148 .104

12,13 0.00129 18267 14.0 5.1 Closed 823 2420 2.CQ1
.00126 18322

1.255 0.101
15.7 4.6 15.0 916 2400 2.052

.00127 18X39
1.320 .103

14.3 5.0 30.8 916 2400 1.959 1.261 .119
.00127 16240 14.1 5.1 open 916 2400 1.960 1.260 .121

14,15 , O.omx 3422 22.3 0.9 Closed 1o11 $2400 2.033 1.230 0,035
20,23 .00206 3484 22.0 3.3 ---do---- 1012 2382 2.057 1.230 .W7

.00206 4820 18.6 5.1 ---do---- 804 2414 1.261 1.123 .WB

16,17 O:mxg ~: 10.2 3.7 Open 1026 2410 1,275 0.681 0.274
14.0 1.8 ---do---- 1023 2406 1.621 .970 .176

.00206 ~zil 17.0 1.8 ---do---- 1024 24W 1.722 1.072 .131

.W2M 22.4 3.1 ---do---- 1023 2404 2.055 1.232 ,086

18,19 , 0.00206 3886 21.7 3.4 Cloned 1013 1806 2,273 10610 O.(M9
20 .00205 3886 21.5 3.4 ---do---- 1010 1996 2.117 ;A& .087

.0(t?06 3666 21.8 3.4 ---do---- 1017 2200 2.204 .W

.mos 3886 22.3 3.1 ---do---- 1020

.ccc?os 3886
2398 2.063 1.234 .m9

20.8 3●4 ---do---- 1002 2584 1.933 1,106 .@7

24 0.00206 3178 22.8 2.7 Closed 10M 24M 2.063 1.240 0.082

26 0.00206 3208 19.7 3.6 Opan 1024 2420 1.934 1.14s 0.104
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TA8LE 111 - COMPARISON OF VAR1OUSPRESSURE-DROP MEASUREMENTS
[Altitude, S000 ft]

AP/a. 1 A /&

Preswre-
drop

\p
method :~~4zisl:~~Jiia

Head

K‘h2i + ‘h2t
al

)~ ,.- (ph4)m I 0.28 0.4s I 1.00 1.00

1(‘h2i + ‘h2t2 2 ) - (ph5)m=e- 1 ‘e= 1- I 1e18b
K‘h21 +‘h2t “3

)*.~ “- (ph7)rr
I I

1*M 1.00

--

6 r )h2\ + ‘h2t
2 - (ph4)ae 0.22 0.34 0.79 0.76

.-

(‘h21 + ‘h2t
)7 ~ae - ‘p~)~e 0.30 0.46 1.07 1.02

%12i + %12t
( )e ~ae L ‘%4)ae 0.1s 0.30 0.64 0.67

I 00241-I0c8610-

Barrel

al ‘b2irr - Pbd 0.24 0.40 1.00 1.00
rr

2 ‘b2ifr - pb6pr 0.26 0,42 1*W 1.05

3 %21fr - ‘b7rr 0.27 O*43 1.12 1.w7

4 Hb21f= -
+
2 ‘q 0.26 0.42 1uce 1.0s

r

s ‘b2Lfr - ‘b4pp . 0.17 0.31 0.71 0.77

6 %21ae - pb4ae 0.16 0.27 0.67 0.6S

7 ‘b2iae - ‘b6ae 0.16 0.26 0.67 0.65

8 ‘b21ae - ‘M 0.10 0019 0.42 0.48

9 b
‘bl - PM 0.19 0.s0 0.?9 0.75

ae

apreg~we.~op method ueed in referenoe 1.

%oat of oyltnders 2, 6, 11, and 16 only.

NATIONAL ADVISORY
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NACA TN No. lt09

.

Figure 1. - Test-engine installation.
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